INTRODUCTION
Recent advances in acoustic microscopy and laser ultrasonics offer surface acoustic waves as a promising means for surface inspection, e.g., for nondestructive evaluation of surface stress. To use Rayleigh waves for measurement of stress in structural metals, the appropriate acoustoelastic coefficients must first be ascertained. For aluminum alloys, however, there has been a lingering problem on the values of Rayleigh-wave acoustoelastic coefficients.
Consider an aluminum plate and a spatial coordinate system with its 1-, 2-, and 3-axis falling in the rolling, transverse, and normal direction of the plate, respectively. Suppose the plate is orthotropic and carries a prestress with its components Tij = 0 except T~I = al and T;2 = a2. Let VI and l2 be the speed of Rayleigh surface waves propagating in the 1-and the 2-direction, respectively, and let V I O and \12 0 be the corresponding Rayleigh-wave speeds when the plate is unstressed. Under the assumptions that the plate be slightly anisotropic and that both the plate and the initial stress be homogeneous, we easily deduce the formulae (1) where Kij (i,j = 1,2) are acoustoelastic coefficients. Since rolled aluminum plates are usually textured, the four acoustoelastic coefficients in (1) are generally distinct and V I O =j :. vt In the literature, however, it is customary to ignore the texture-induced anisotropy in the present context and treat the polycrystalline aluminum as if it were isotropic. If the plate is composed of isotropic material (Le., its orthotropy is strictly stress-induced), we should have (2) where VR is the Rayleigh-wave speed for the unstressed isotropic medium. Indeed, while the acoustoelastic coefficients measured are often those displayed in (1), they are commonly referred to just as Kl (meaning K ll , K22 , or an average of the two) and K2 (meaning K 12 , K21 , or an average of the two).
Thus a dubious theoretical assumption has led directly to ambiguity in the reporting of experimental results. Fortunately, from the experimental setup described in a paper, we can usually tell exactly which acoustoelastic coefficient was really measured. For instance, Jassby and Kishoni [1] measured all four coefficients in Eq.
(1) for samples of 2024-T351 and 6061-T651 aluminum alloys. They found systematically for their samples that Kll =f K22 and K2l =f K 12 , and the differences· ran from a few percent to about 12%. These differences notwithstanding, Jassby and Kishoni abided by their theoretical assumption and simply took the measured Kll and K22 (resp. Kl2 and K2d as imperfect manifestations of the same acoustoelastic constant Kl (resp. K2) of a nominally isotropic material.
While the aforementioned findings of Jassby and Kishoni should have cast doubt on the validity of the common assumption of material isotropy, from the standpoint of acoustoelasticity much more alarming is the range of measured values of Kll that have been reported for aluminum alloys. [6] and Kll = -0.0375 (GPa)-1 for a B95T aluminum alloy [7] . Should one value within this range be chosen arbitrarily as the acoustoelastic constant Kll in the velocity-shift formula, an error of over 100% in the prediction of Til could easily result if we use Rayleigh waves to evaluate stress in a particular sample of aluminum alloy.
Variations in the Kll values of aluminum alloys have been variously speculated to be due to the effects of dislocations, texture, or penetration depth, often by authors who tried to explain why their measured value was quite different from what had been reported previously in the literature for the same alloy. In the eighties Johnson [8, 9] and Johnson & Springer [10] conducted some pioneering theoretical and experimental studies which suggest that for aluminum alloys crystallographic texture might profoundly influence acoustoelastic coefficients of bulk waves (see also [11] ). [15] ) are currently available to estimate all twelve material constants from the second-order and third-order elastic constants of the constituting crystallites. With the constitutive equation in hand and the material constants for polycrystalline aluminum estimated, we can follow the standard procedures in continuum mechanics to find the wave velocities and derive formulae for the acoustoelastic coefficients. These formulae, which give the acoustoelastic coefficients as affine functions of the seven texture coefficients, show quantitatively how crystallographic texture would affect the values of the acoustoelastic coefficients.
THEORETICAL PREDICTIONS
Consider a homogeneous half-space of polycrystalline material which consists of cubic crystallites and has an orthorhombic texture. We assume that the half-space occupies the region X3 2: 0, and that the 1-, 2-, and 3-axis are the axes of orthorhombic symmetry of the texture. We choose for the crystallites a reference orientation whose three four-fold axes of cubic symmetry agree with the spatial coordinate axes. Let the half-space have a homogeneous prestress with components Ttj = 0 except Ttl = a. We consider free Rayleigh waves propagating in the I-direction. As the propagation direction is an axis of symmetry for the prestressed orthotropic material, the phase velocity V of the Rayleigh wave in question is easily found to obey the equation (cf. Royer and Diuelesaint [18] for the case without prestress; the analysis for the case with initial stress is similar)
where p is the density, and Lij are the components of the incremental elasticity tensor in the Voigt notation.
An explicit expression has been derived [11] [12] [13] [14] [15] for the incremental elasticity tensor that pertains to a prestressed and weakly-textured orthorhombic aggregate of cubic crystallites. Besides the initial stress, this expression contains seven texture coefficients, namely W400 , W420 , W440 , W600 , W620 , W640 and W660 , as well as twelve material constants, namely>., {L, a, {3i (i = 1, ... , 4), a and bj (j = 1, ... , 4). In particular, the components L\1, L13 , L33 , and L55 are given in the present context by the following formulae:
where
Two micromechanical models ([16-17J; see also [15] ), namely the Man-Paroni model (MP) and the generalized Voigt model (GV), are currently available to estimate the twelve material constants from the second-order (SOEC) and third-order elastic constants (TOEC) of the constituting crystallites. Using the SOEC and TOEC for aluminum single crystals at 25° C as reported by Thomas Using the values of the material constants given in Table 2 
respectively, both of which are in units of (GPa)-I. From a similar analysis, we obtain the corresponding formulae for K 12 Here we used laser ultrasonics to generate and detect ultrasonic waves. Laser ultrasonics enjoys the advantage of small transducer size, for the transducers are just spots of laser light. It also has the potential of practical applications. Figure 1 shows the schematics of KII and KI2 measurement in our experiments. As shown in the figure, the specimen is under uniaxial tension in the I-direction, i.e., 0"1 = F / A, where F is the tensile load and A the original cross-sectional area, and 0"2 = O. When Rayleigh waves propagate in the loading (see Fig. I(a) ) and in the transverse direction (see Fig. 1 (b) ), we have
0"1 v2
respectively. During measurement, the positions of receiver 1 and receiver 2 are fixed; hence we have (13) where ti is the time-of-flight between the two receivers for Rayleigh waves propagating in the i-direction. The tensile load F and the time-of-flight t are the two quantitites measured during the experiments. For our present purpose, it is not necessary to determine the distance between receiver 1 and receiver 2.
Details on the laser ultrasonics setup, the time-of-flight measurement, and the data acquisition are described in reference [5] . Figure 2 shows a specimen under loading, and it pertains to the configuration for K12 measurement. Two laser spots, i.e., the two receiving points, can be seen on the specimen; the distance between the two receiving points was about 12 mm. The two-point detection in the present experiments was slightly modified from the previous arrangement [5] ; a prism was used instead of a mirror. The width, thickness, and length of the gage section of the specimen were 38 mm, 4 mm, and 100 mm, respectively. The wavelength of the Rayleigh waves in question was estimated to be about 1.5 mm.
We prepared two AA606I-T6 specimens. After the samples were machined, acoustoelastic measurements were made on Specimen 1 and 2 after a 0 and 5% plastic deformation, respectively. The loadings during the Kll and KI2 measurements were all elastic, i.e., the specimens were not loaded beyond yield stress. We assume that the textures of the samples remain unchanged during the elastic loadings. Measurements of Kll and K12 were repeated at least once. A typical ~ Vi/V;° (i = 1,2) versus 0" plot for Specimen 1 is shown in Figure 3 . The KI2 data shows a larger scattering. This may be due to the shorter path length between the two receivers, which is limited by the width of the specimen. After the ultrasonic experiments, the specimens were sectioned, and the texture coefficients of the samples were measured by X-ray diffraction. Measurements were made at the surface and at the center or middle section (i.e., at half-thickness) of the plate. The results of the X-ray measurements are given in Table 3 . Note that the Wlmn coefficients measured at the surface of the samples are different from those measured at the mid-section. In particular, Specimen 2, which had undergone plastic deformations, had significantly different values of W420 and W440 at its surface. For each specimen, the average of the two X-ray measurements is used in computing the predicted values of Kll and K12 by the two models. The predicted and measured values of Kll and K12 for the two samples are displayed in Table 4 . DISCUSSION A glance at Table 4 reveals that the two models give practically identical predictions for the samples in question. For Specimen 1, the prediction for both Kll and K12 agrees well with the measured values. For Specimen 2, which had undergone a 5% plastic deformation before measurements of the acoustoelastic coefficients were made, the predicted value of K12 is about 40% off. On the other hand, we note that the measured acoustoelastic constants of Specimen 2 are themselves not consistent between the two measurements. These measurements were made at the same general area but not exactly at the same place. After Specimen 2 underwent a 5% plastic deformation, we observed that its surface became wrinkled, which was then polished to smoothness for the laser ultrasonics measurements. This nonuniform deformation might have contributed to the inconsistent values from the two measurements.
On the whole, we can say that the predicted values of Kll and K12 are in good agreement with the results of measurements on the two samples of 6061-T6 aluminum alloy. Also, as given in Eqs. (8) and (9), the two micromechanical models give an average prediction of KIl = -0.0136 (GPa}-1 for an isotropic aggregate of aluminum crystallites. In this light, the value of Kll = -0.0115 (GPa}-1 as reported by Jassby and Kishoni [1] certainly cannot be regarded as an outlier. Thus, we conclude that crystallographic texture could have a profound effect on the acoustoelastic coefficient Kll of 6061-T6 aluminum alloy, to the extent that variations such as those displayed in Table 1 could possibly be attributed to the effect of texture alone.
